Introduction {#Sec1}
============

Hepatocellular carcinoma (HCC) is a major health problem worldwide due to its high incidence (more than 500,000 cases per year) and poor prognosis \[[@CR1]\]. Early stage single nodules of HCC were defined as single nodules with a maximum diameter of less than 3.0 cm. Radiofrequency ablation (RFA) is assumed to be a suitable treatment option for HCC, especially for early stage HCCs and patients who are unsuitable for surgery \[[@CR2], [@CR3]\]. A study revealed that the five-year overall survival rate of patients who received RFA as the preferred treatment for HCC is approximately 60% \[[@CR4]\]. The peri-operative mortality of RFA is junior to that of surgical excision, however, the recurrence rate is higher than that of surgical resection. Several biological factors, such as microRNA-34a and microvascular invasion (MVI), were important predictors to evaluate the prognosis of HCC \[[@CR5], [@CR6]\]. However, during follow-up, finding an effective and non-invasive method is necessary to evaluate the prognosis of HCC.

Over the last decades, several studies on functional magnetic resonance imaging, such as diffusion-weighted imaging (DWI), have demonstrated the value in diagnosis and preoperative and postoperative evaluation of HCC \[[@CR7]\]. Tumors were frequently more cellular than the tissue from which they originate, and the diffusion of water molecules was restricted, thus resulting in relatively higher signal intensity on DWI \[[@CR8]\]. Studies have shown that DWI was mainly applied to quantify the diffusion of water molecules with Gaussian distribution \[[@CR9]\]. The homogeneous or single water molecules diffusion movement was called Gaussian motion \[[@CR10]\]. As a matter of fact, water diffusion in biologic tissues is restricted by its interactions with other molecules and cell membranes, which was named as non-Gaussian water diffusion. Therefore, DWI may be inadequate to describe the actualdiffusion in HCC \[[@CR11]\]. Diffusion kurtosis imaging (DKI) was emerged as a promising technology. Jensen first proposed the concept of DKI at New York University in 2005 \[[@CR11]\]. DKI provides novel in vivo diffusion properties that describe the tissue microstructure by analyzing diffusivity and kurtosis, which is a unitless index of non-Gaussianity. So, DKI could detect the water molecule diffusion in tissues with non-Gaussian distribution and reflect the microscopic changes of HCC. A study on clear cell renal cell carcinoma revealed that DKI can evaluate the characteristics of tumors and reflect the microstructural changes and complexity of tumor tissues \[[@CR12]\].

At present, studies on the evaluation of HCC by DKI were fewer. Thus, our study aimed to compare DKI versus DWI in predicting the recurrence of early stage single nodules of hepatocellular carcinoma treated by radiofrequency ablation.

Materials and methods {#Sec2}
=====================

Patients {#Sec3}
--------

This study was approved by the local institute review board, and each patient signed the written informed consent. 178 consecutive patients with HCC based on clinical history or previously performed MRI between December 2016 and January 2018 in my hospital were recruited. We excluded 15 patients for they were been diagnosed as advanced HCC. 163 patients were diagnosed as early stage HCC. 26 patients were excluded with multiple nodules. Among the 137 patients with single nodules, 30 patients were excluded from our study population for the following reasons: 16 patients were treated by transcatheter arterial chemoembolization (TACE), 9 patients were treated by surgical therapies and 5 patients were untreated. Radiofrequency ablation was the first choice for 107 patients (Fig. [1](#Fig1){ref-type="fig"}). 107 subjects fulfilled with the following inclusion criteria: \[[@CR1]\] 1 ≤ single HCC ≤ 3 cm without portal venous thrombosisor metastasis (BCLC 0/A), \[[@CR2]\] compensated cirrhosis (Child-Pugh A or B), \[[@CR3]\] no others treatment for HCC. Accordingly, among the 107 patients, 74 were males and 33 were females. The age range is between 42 and 86 years. The average age is 63 years. Clinical characteristics of the patients and tumors analyzed in this study are summarized in Table [1](#Tab1){ref-type="table"}.Fig. 1Follow-up flow chartTable 1Clinical characteristic of the patients and tumorsNumbersMale/female74/33Age (yr)mean 63, range 42--86Liver cirrhosis (*n*)98Hepatitis B (*n*)83Child-Pugh A/B (*n*)95/12Serum AFP levels, ng/ml, mean ± SD73.3 ± 281.2HCC median size, cm1. 81 ± 0.83BCLC stage 0/A (*n*)87/20Edmondson grade 3 or 4 (*n*)28Note-Available in 107patients

Examination methods {#Sec4}
-------------------

Conventional MRI and DKI examinations of the liver were performed on all subjects before RFA and one month later after RFA, then followed-up every 3 months. The study was performed with a 3.0 T magnetic resonance imaging (MRI) scanner (Achieva, Philips Healthcare, Best, Netherlands). A standard 18-channel mode was employed for the body phased array coil. The regular MRI scan sequence included axial T1WI, axial fat-saturated T2WI, axial DWI sequence (b = 0, 800 mm^2^/s), and three-phase dynamic contrast-enhanced (DCE) and DKI sequence (b = 0, 800, 1500, 2000 mm^2^/s). All scan parameters were displayed in the Table [2](#Tab2){ref-type="table"}.Table 2Protocols of MR sequencesaxial T1WIaxial STIR- T2WIaxial contrast-enhanced imaging (THRIVE)axial DWIaxial DKITR/TE (ms)206/3.833500/876.75/2.394800/643300/88Flip angle65°150°10°9090°Field of view (mm^2^)380 × 380380 × 380380 × 380380 × 380380 × 420Slicethickness (mm)66665Slice interval (mm)22221.5Number of slices2626722626NEX13143b values (s/mm^2^)0,8001800,1500,2000Note- *NEX* number of excitations, *SPIR* spectral fat saturation inversion recovery, *THRIVE* three-dimensionalT1WI fast field-echo high-resolution isotropic volume examination

RFA procedures {#Sec5}
--------------

RFA was implemented by using internally cooled electrodes with an exposed tip (Cool-tip RFA system, Valleylab, Boulder, CO, USA). Depending on the tumor size, location and the relationships with surrounding organizations, ablation was undertaken by the percutaneous route, laparoscopic or open approach. The procedure was done by an experienced interventional radiologist. It was effective in producing complete tumor necrosis, with ablation of a margin of non-tumors tissue of 1 cm after RFA. All patients had complete ablation for the treated lesions by RFA. MRI was performed to evaluate the treatment efficacy after RFA procedure. Multiple overlapping ablations were performed in order to achieve an adequate ablation if needed.

Following up {#Sec6}
------------

Each subject performed contrast-enhanced MRI and DKI after initiating RFA one month, and then followed-up every 3 months. In this study, one month was considered as the earliest time point to assess the tumors, which may guide timely decision-making for subsequent therapies. The HCCs were classified as either recurrence groups or non-recurrence groups, which was assessed according to the overall mRECIST \[[@CR13]\]. Non-recurrence groups were classified as complete necrosis, partial necrosis and stable nodules. Recurrence groups were defined as the sum of the longest diameters of the target tumors increased greater than 20% after RFA. Figure [1](#Fig1){ref-type="fig"} represents the flow chart of HCCs.

Data post-processing {#Sec7}
--------------------

The original data was transferred to PHILIPS workstation synchronously and post-processed by MRI Toolbox software package. According to DKI theories, S(b) = S~0~·exp. (−b·D + b^2^·D^2^·K/6), where S and S~0~ was the signal intensity of the images acquired at b and b~0~, respectively (s/mm^2^), and b is the b-value (s/mm^2^); D is the corrected apparent diffusion parameter of the Gaussian distribution, and K is the apparent kurtosis coefficient. DKI parameters (MD, MK) were recorded using b values (b = 0, 800, 1500, and 2000 s/mm^2^). Standard ADC (mm^2^/s) was obtained using a conventional mono-exponential fit with the following equation: S(b) = S~0~·exp.(−b·ADC). The ADC was calculated using b values of 0 and 800 s/mm^2^. The parameters were measured three times. The region of interest (ROI) was then selected. Two radiologists with different years of experience in abdominal imaging independently placed ROIs for each lesion. The principle of ROI selection were as follows: ① combined with conventional T1WI and T2WI images, the large lesion dimension was set as the ROI, where the scope of the lesion should be as large as possible; ②the internal areas that were necrotic or adjacent to blood vessels or bile ducts were excluded; ③the lesion ROIs were set at three different positions for each case to reduce error and the selected range was consistently maintained for each patient; ④ the maximum diameter of the HCC was measured on an axial T2WI on the basis of the reference T1WI enhanced image. The ROI of the lesions ranged from 1.0 cm^2^ to 2.5cm^2^. Statistical analyses were performed to compare the results of clinical and laboratory examinations. The differences in the corresponding parameters and the correlation with HCC prognosis were analyzed.

Statistical analysis {#Sec8}
--------------------

Data obtained from DKI and ADC was statistically analyzed with SPSS 20.0 statistics software (IBMCorp, Armonk, NY, USA). Quantitative data were expressed as the mean ± standard deviation. ADC, MK, and MD of pre-RFA and post-RFA were analyzed using paired *t*-test. The sensitivity, specificity, and AUC under the ROC curve were calculated using MedCalc software (version11.4.2.0).

Results {#Sec9}
=======

After a median follow-up of 36 months (range of 2--58 months), among the 107 HCCs treated by RFA, 36 HCCs were classed as non-recurrence groups. Among the 36 HCC nodules, 27 HCCs were complete necrosis, 7 HCCs were partial necrosis and 2 HCCs were stable disease. The recurrence rate was 66.3% (71/107). No obvious differences were observed in ADC, MD, and MK of pre-RFA between the recurrence (0.98 × 10^− 3^ mm^2^/s, 1.347 × 10^− 3^ mm^2^/s, 0.726) and non-recurrence groups (1.020 × 10^− 3^ mm^2^/s, 1.400 × 10^− 3^ mm^2^/s, 0.732) (*P* \> 0.05, Fig. [4](#Fig4){ref-type="fig"}a). However, postoperative correlation parameter values were statistically significant (*P* \< 0.05). The ADC and MD values of the recurrence groups (1.092 × 10^− 3^ mm^2^/s, 1.251 × 10^− 3^ mm^2^/s) were lower than those of the non-recurrence groups (1.486 × 10^− 3^ mm^2^/s, 1.837 × 10^− 3^ mm^2^/s) after RFA, the MK of the recurrence groups (0.678) was higher than that of the non-recurrence groups (0.424)(*P* \< 0.05, Fig. [4](#Fig4){ref-type="fig"}b). Whether the recurrence groups or the non-recurrence groups, after RFA, the values of ADC and MD were higher (1.361 × 10^− 3^ mm^2^/s, 1.650 × 10^− 3^ mm^2^/s) than pre-RFA (1.009 × 10^− 3^ mm^2^/s, 1.382 × 10^− 3^ mm^2^/s); MK value was lower after RFA (0.505) than pre-RFA (0.732) (*P* \< 0.05, Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}c).Fig. 2Images of a 48-year-old man with early stage single nodule of HCC. **a** axial fat-saturated T2WI image shows that the lesion of left hepatic lobe is slightly high signal intensity. **b** and **c** axial DWI and ADC map indicate that the diffusion of the lesion is obviously limited. **d** DCE arterial phase shows that the lesion has mild enhancement. **e** DKI-MD map shows that the MD value for the lesion is 1.181 × 10^− 3^. **f** DKI-MK map shows that the MK value for the lesion is 7.721 × 10^− 1^Fig. 3(The same patient in Fig. [2](#Fig2){ref-type="fig"}, after treatment by RFA for one month) **a** axial T1WI and **b** axial fat-saturated T2WI indicate that the signal strength of the lesion is reduced compared with that before. **c** and **d**: axial DWI and ADC map show that the diffused degree of the lesion is obviously reduced. **e** DKI-MD map show that the MD value for the lesion is 1.300 × 10^− 3^. **f** DKI-MK map show that the MK value for the lesion is 5.906 × 10^− 1^Fig. 4**a** The ADC, MD and MK of the recurrence groups and Non-recurrence groups before RFA (*P\>*0.05). **b** The ADC, MD and MK of the recurrence groups and Non-recurrence groups after RFA (*P*\<0.05). **c** The values of ADC, MD and MK before and after RFA (*P* \< 0.05)

The sensitivity, specificity, and area under the curve (AUC) for ADC, MD and MK after RFA (78.6, 73.3% and 0.842; 85.7, 83.8% and 0.839; 85.7, 96.7% and 0.956) were higher than before RFA (44.3, 55.3% and 0.560; 51.2, 56.7% and 0.543; 43.6, 67.3% and 0.489). The sensitivity, specificity, and AUC for MK after RFAwere 85.7, 96.7%, and 0.956 (Fig. [5](#Fig5){ref-type="fig"}a), respectively, which were significantly greater than those of MD (85.7, 83.3% and 0.839) (Fig. [5](#Fig5){ref-type="fig"}b) and ADC (78.6, 73.3% and 0.842; *P* \< 0.05) (Fig. [5](#Fig5){ref-type="fig"}c) (Table [3](#Tab3){ref-type="table"}).Fig. 5**a**: ROC curve of MK. **b** ROC curve of MD. **c** ROC curve of ADCTable 3Predictive values of ADC, MK, and MD for pre-RFA and post-RFAAUC95% CIYouden indexSensitivitySpecificityareaSElower limitupper limitpre-ADC0.5600.0990.3660.7350.1760.4430.533post-ADC0.8420.0620.7200.9130.5190.7860.733pre-MD0.5430.0940.3600.7260.2100.5120.567post-MD0.8390.0510.7940.9920.6900.8570.833pre-MK0.4890.0970.2960.6750.1480.4360.067post-MK0.9560.0300.6970.9870.8240.8570.967Note-The sensitivity, specificity, and AUC for MK after RFA were significantly greater than those of MD and ADC

Discussion {#Sec10}
==========

As a minimally invasive procedure, RFA is increasingly used to treat for early stage HCCs \[[@CR14]\]. RFA carries low morbidity and mortality rates for HCC compared with hepatic resection, but the recurrence rate is higher \[[@CR15]\]. So, it is important to identify a noninvasive method to predict the early recurrence of HCC treated by RFA. Study has pointed that HCC recurrence included metastatic spread and the emergence of de novo HCC \[[@CR16]\], all which combined with the changes in the tumor microstructure. DWI can detect the properties of water molecule diffusion of Gaussian pattern. However, the diffusion motion of water molecules is referred to as non-Gaussian due to the existence of tissue barriers (e.g., cell membranes) and compartments (e.g. intracellular and extracellular spaces) in the human body. Compared with DWI, DKI sequences must set three or more b values and select a high b value, which can detect the properties of water molecule diffusion in tissues with non-Gaussian distribution and reflects the microscopic changes in tissues. DKI parameters include MK, MD, axial kurtosis, radical kurtosis, fractional anisotropy, and kurtosis anisotropy. These new metrics can better characterize the water diffusion properties, especially sensitive to diffusional heterogeneity \[[@CR17]\].

The most commonly used DKI indexes in clinical studies are MK and MD. The extent of signal attenuation is shown by diffusion kurtosis. MK is considered as an evaluation criterion for the complexity of tissue microstructure. MK is closely related to tumor grade \[[@CR18]\]. The complexity degree of the tissue structure within the area of interests is the main factor that influences the MK value. MD is the non-Gaussian distribution with corrected average ADC. The value only reflects the diffusion of water molecules. A study on breast cancer revealed that the values of MK and MD calculated by using the DKI model demonstrate remarkably higher specificity compared with ADC for the differentiation of benign and malignant breast lesions \[[@CR19]\]. Yue et al. pointed that DKI has shown advantages in diagnosing and histologically grading endometrial cancer (EC) compared with conventional DWI \[[@CR20]\]. In addition, the DKI correlation parameter (MK) was more sensitive to distinguish benign from malignant regions, as well as low- from high-grade malignant regions, within the peripheral zone (PZ) of the prostate than ADC \[[@CR21]\]. MK may be a more meaningful indicator for the complexity of the organizational structure compared with MD \[[@CR11]\]. The study on clear cell renal cell carcinoma showed that the MK displayed a better performance in distinguishing the normal renal parenchyma from clear cell renal cell carcinoma than MD \[[@CR12]\]. All which studies were consistent with the study.

Many studies have used DKI to evaluate cerebral infarction, glioma, multiple sclerosis, Parkinson's disease, and attention-deficit hyperactivity disorder \[[@CR22]--[@CR27]\]. Recently, mostdomestic and foreign scholars applied DKI for the exploratory of prostate, breast, and kidney cancers \[[@CR28], [@CR29], [@CR12]\]. We evaluated the feasibility of this novel MR diffusion technique in the recurrence of early stage HCCs treated by RFA. We concluded that after RFA, the values of ADC and MD were higher; MK value was lower, which once again proved that RFA is an effective method for the treatment of early stage HCCs. In addition, the sensitivity, specificity, and AUC for MK after RFA were significantly greater than those of ADC and MD. Compared with DWI, DKI could quantify the actual diffusion of water molecules and reflect the microscopic changes in tissues, especially MK. Hence, DKI could objectively detect early stages of cancer to prevent the progression of HCC.

MK based on the DKI model may have better predictive accuracy in the prognosis of early stage single nodule HCCs after RFA and increased statistical power to reflect the microstructural complexity of the tumor compared with ADC derived from the conventional DWI model. The increased MK value may be due to the complex microenvironment of the tumor. The presence of multiple tissue types, such as tumor cell, necrosis, and inflammation, reflect more peaked distributions of tissue diffusivities in non-Gaussian diffusion behavior than in Gaussian diffusion behavior. Kurtosis of tissues has been reported to partially represent the interaction of water molecules with cell membranes and intracellular compounds. Study has described a significant decrease in MK in HCCs that were completely necrotic after RFA compared with those of background liver parenchyma \[[@CR30]\]. The liver parenchyma is highly organized and contains many barriers for diffusion, such as liver cells, fibrous septa, and sinusoids. However, completely necrotic HCCs lose their cellularity, develop coagulation necrosis, and contain few diffusion barriers. An increased MK is remarkably correlated with the MVI of HCC. MVI-positive HCC is characterized by the presence of tumor emboli or mount of cancer cells in the branches of the vein and the spread and infiltration of tumor cells via microcirculation, which can limit the interaction of water molecules \[[@CR31]\]. A related study revealed that the intercellular space decreases, cells are tightly aligned, and the volume of the cell nucleus increases with the exuberant cell proliferation of malignant tumors. Thus, DKI can detect early tumor growth and has high application value in predicting tumor recurrence.

The MK value, which is a significant parameter, allows preliminary parameter-based pre-operation pathological grading for patients with HCC and effectively predicts tumor recurrence. The values of MK are valuable for predicting recurrence in clinical trials for HCC.

Our study had several limitations. First, the relatively small population in our study might result in bias in the results. Second, RFA was performed by the percutaneous route, laparoscopic or open approach. Different ablation methods may affect the prognosis of HCCs. Third, the reference criteria for defining recurrent nodules is relatively weak.

Conclusion {#Sec11}
==========

DKI is an independent predictor of the recurrence of early stage single HCCs treated by RFA. In addition, the prediction efficacy of MK is better than MD.
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